The Ndc80 complex is a constituent of the outer plate of the kinetochore and plays a critical role in establishing the stable kinetochore-microtubule interactions required for chromosome segregation in mitosis. The Ndc80 complex is evolutionarily conserved and contains the four subunits Spc24, Spc25, Nuf2, and Ndc80 (whose human homologue is called Hec1). All four subunits are predicted to contain globular domains and extensive coiled coil regions. To gain an insight into the organization of the human Ndc80 complex, we reconstituted it using recombinant methods. The hydrodynamic properties of the recombinant Ndc80 complex are identical to those of the endogenous HeLa cell complex and are consistent with a 1:1:1:1 stoichiometry of the four subunits and a very elongated shape. Two tight Hec1-Nuf2 and Spc24-Spc25 subcomplexes, each stabilized by a parallel heterodimeric coiled coil, maintain this organization. These subcomplexes tetramerize via an interaction of the C-and N-terminal portions of the Hec1-Nuf2 and Spc24-Spc25 coiled coils, respectively. The recombinant complex displays normal kinetochore localization upon injection in HeLa cells and is therefore a faithful copy of the endogenous Ndc80 complex.
The Ndc80 complex is a constituent of the outer plate of the kinetochore and plays a critical role in establishing the stable kinetochore-microtubule interactions required for chromosome segregation in mitosis. The Ndc80 complex is evolutionarily conserved and contains the four subunits Spc24, Spc25, Nuf2, and Ndc80 (whose human homologue is called Hec1). All four subunits are predicted to contain globular domains and extensive coiled coil regions. To gain an insight into the organization of the human Ndc80 complex, we reconstituted it using recombinant methods. The hydrodynamic properties of the recombinant Ndc80 complex are identical to those of the endogenous HeLa cell complex and are consistent with a 1:1:1:1 stoichiometry of the four subunits and a very elongated shape. Two tight Hec1-Nuf2 and Spc24-Spc25 subcomplexes, each stabilized by a parallel heterodimeric coiled coil, maintain this organization. These subcomplexes tetramerize via an interaction of the C-and N-terminal portions of the Hec1-Nuf2 and Spc24-Spc25 coiled coils, respectively. The recombinant complex displays normal kinetochore localization upon injection in HeLa cells and is therefore a faithful copy of the endogenous Ndc80 complex.
Kinetochores mediate the attachment of chromosomes to microtubules of the mitotic spindle (1, 2) . The kinetochores of Saccharomyces cerevisiae assemble on ϳ150-base pair-long centromeric DNA wrapped around a specialized nucleosome containing Cse4, a histone H3 variant known as CENP-A in higher eukaryotes (3) . These kinetochores become attached to the plus end of a single microtubule and are estimated to contain at least 60 different proteins in several subcomplexes (3) . Together, these subcomplexes produce stable DNA-microtubule bridges and control the spindle assembly checkpoint. The latter delays anaphase sister chromatid separation until all chromosomes have achieved bio-orientation by their sister kinetochores becoming attached to microtubules from opposite poles (4).
Human centromeres extend over millions of base pairs, and the compaction of centromeric chromatin is essential for their viability (1, 2) . Recent proteomic efforts in different organisms have clarified that despite significant differences in centromere complexity, most kinetochore proteins are conserved from yeast to humans (5) (6) (7) (8) (9) (10) (11) (12) . Thus, complex kinetochores might be assembled from building blocks that are structurally related to that of S. cerevisiae. By electron microscopy the vertebrate kinetochore appears as a multilayered structure with an inner core embedded in the centromeric chromatin and connected by a 40-nm fibrous gap to a 40-nm thick outer plate. A 150-Å-thick dynamic structure known as the fibrous corona extends outward from the outer plate (13) (14) (15) (16) (17) (18) . Vertebrate kinetochores bind multiple microtubules (from 15 to 30) whose plus ends terminate within the outer plate (1, 13) .
The dynamic properties of microtubule-kinetochore interfaces are thought to be responsible for chromosome movement in mitosis (19, 20) . Although the mechanisms leading to the formation of microtubule-kinetochore interfaces remain poorly understood, the Ndc80 protein has emerged as a potentially critical player in this process. In budding yeast Ndc80 is part of the Ndc80 complex, which also contains Nuf2, Spc24, and Spc25 (10, 21, 22) . This quaternary organization is conserved in the Xenopus and human complexes (23) (24) (25) . The human homologue of Ndc80 is referred to as Hec1, which stands for highly enhanced in cancer cells 1 (26) , and we will refer to Hec1 as a subunit of the human Ndc80 complex. Antibodies to Hec1 localize to the outer plate of HeLa cell kinetochores where the plus ends of kinetochore microtubules are anchored (27) (28) (29) (30) . Depletion or inactivation of subunits of the Ndc80 complex by several methods invariably results in severe problems of chromosome congression and lack of poleward forces at the kinetochore (reviewed in Refs. 19 and 20) .
There has been some controversy as to whether the defective chromosome congression phenotype resulting from depletion of Ndc80 is caused by a defect in kinetochore-microtubule attachment. Depletion of Hec1 or Spc25 by RNA interference in HeLa cells resulted in a failure of chromosomes to congress to the spindle equator, but the existence of kinetochore-microtubule connections that resisted short cold or calcium treatments and the localization of the microtubule plus end-binding protein EB1 at the kinetochore-microtubule interface suggested that stable kinetochore-microtubule interactions may form in these cells (23, 31) .
Recent studies, however, concluded that cells depleted of Hec1 or Nuf2 display a damaged outer kinetochore, coupled to a dramatic decrease in the number of microtubules embedded in the outer kinetochore surface and to a failure to accumulate cold-stable microtubules (27) (28) (29) (30) . Thus, the Ndc80 complex might be essential for the formation of stable kinetochoremicrotubule interactions, suggestive of a direct role in microtubule binding or, alternatively, a role in a kinetochore assembly pathway, the impairment of which abrogates recruitment of other proteins required for microtubule binding. Indeed, the depletion/inactivation of the Ndc80 complex causes a corresponding kinetochore depletion or reduction of a group of proteins normally localized at or in the corona peripheral to the kinetochore outer plate, including the motor proteins dynein/ dynactin and the spindle assembly checkpoint proteins Mps1, Mad1, Mad2, Zw10, and Rod. However, peripheral checkpoint proteins and motor proteins such as Bub1, BubR1, and CENP-E retain an essentially normal kinetochore localization under these conditions (23-25, 28 -33) . In summary, the Ndc80 complex plays a direct role in stabilizing the kinetochore-microtubule interface and in controlling the localization of a subset of proteins at or in the corona peripheral to the kinetochore outer plate, although its precise function in these processes remains unclear. The complexity of the putative microtubulekinetochore interface is underscored by the recent discovery that the Ndc80 complex is part of an evolutionarily conserved protein assembly also containing the Mtw1-Mis12 complex and other proteins such as Zwint-1 and Spc105 (7) (8) (9) (10) (11) . The role of the Ndc80 complex as a direct or indirect kinetochore receptor for Mps1, Mad1, Mad2, Zw10, and Rod might also explain the effects of Ndc80 depletion on the spindle assembly checkpoint. These effects range from complete inactivation to sustained activation followed by cell death, with a discrepancy that might be explained by the penetrance of the depletion phenotype (23-25, 28 -35) .
Because of the complexity of kinetochore structure, the development of in vitro approaches using reconstituted kinetochore complexes will be invaluable to elucidate the mechanism of formation of kinetochore-microtubule interfaces. Here, we describe a step in this direction represented by the reconstitution and characterization of the human Ndc80 complex. We show that the reconstituted complex forms a quaternary assembly whose biophysical, biochemical, and biological properties are indistinguishable from those of the endogenous complex.
MATERIALS AND METHODS

Cloning, Expression, and Purification of Hec1 Complex Constructs-
All constructs for human Spc24, Spc25, Nuf2, and Hec1 subunits were generated by PCR using a human fetal thymus cDNA library (Invitrogen). Spc24, Spc25, Nuf2, and Hec1 sequences were subcloned in a modified pGEX-6P vector (pGEX-6P-2RBS) to support dicistronic expression. All constructs were sequenced. Protein expression in Escherichia coli strain BL21 (DE3) was induced with 400 M isopropyl-␤-Dthiogalactopyranoside. Expression was continued for ϳ12-16 h at 18 -20°C. Cells were harvested by centrifugation at 4,000 rpm for 15 min in a Beckman JLA 10.5 rotor and resuspended in 30 -40 ml of lysis buffer (50 mM Tris-HCl, pH 7.6, 600 mM NaCl, 10% glycerol, 1 mM EDTA, and 1 mM dithiothreitol supplemented with Complete protease inhibitor mixture from Roche Molecular Biochemicals) per liter of E. coli culture. After sonication, the lysates were cleared by centrifugation at 40,000 rpm for 45-60 min using a 55.1 Ti rotor. Glutathione S-transferase (GST) 1 -Spc24-Spc25 and GST-Nuf2-Hec1 were purified using glutathione-agarose beads (Amersham Biosciences). After 2-3 h of agitation at 4°C, beads were washed with 30 volumes of lysis buffer and equilibrated with 30 volumes of cleavage buffer (50 mM Tris-HCl, pH 7.6, 150 mM NaCl, 1 mM EDTA, and 1 mM dithiothreitol). The Spc24-Spc25 subcomplex was cleaved from GST with 10 units of PreScission protease (Amersham Biosciences) per milligram of substrate for 16 h at 4°C. Simultaneously, the GST-Nuf2-Hec1 complex was expressed and purified as described above and incubated with the flow through of PreScission cleavage of the GST-Spc24-Spc25 complex. After forming a quaternary Ndc80 complex, PreScission protease was added to remove the GST moiety from Nuf2. The quaternary complex was collected in the flow through, concentrated up to 5 mg/ml by Vivaspin (molecular weight cut-off 30,000) and loaded onto a Superose 6 column equilibrated with size exclusion chromatography (SEC) buffer (50 mM Tris-HCl pH 7.6, 600 mM NaCl, 1 mM EDTA, 1 mM dithiothreitol, and 5% glycerol). The final yield was estimated at ϳ0.1 mg of pure complex per liter of bacteria. For binding assays and analytical SEC we also created the vectors pGEX-6P-Nuf2-(1-137), pGEX-6P-Nuf2-(1-386), pGEX-6P-Nuf2-(387-464), pAM3-His 6 -Hec1-(1-230), pAM3-His 6 -Hec1-(1-445), pAM3-His 6 -Hec1-(446 -642), pGEX-6P-2RBS-Spc24-(1-131)⅐Spc25-(1-144), pGEX-6P-2RBS-hSpc24-(1-131)⅐hSpc25-(145-224), pGEX-6P-2RBS-hSpc24-(132-197)⅐hSpc25-(1-144), pGEX-6P-2RBS-hSpc24-(132-197)⅐hSpc25-(145-224), pGEX-6P-2RBS-GST-Nuf2-(1-386)⅐Hec1-(1-445), and pGEX-6P-2RBS-GST-Nuf2-(387-464)⅐Hec1-(446 -642). These vectors were used for protein expression and purification essentially as described above for the quaternary Ndc80, except that the salt concentrations of buffers were usually kept at 300 mM NaCl.
Hydrodynamic Analysis-Analytical SEC was performed on a SMART system (Amersham Biosciences) using a Superdex 200 PC 3.2/30 column (Amersham Biosciences). Elution volumes of bovine thyroglobulin, rabbit aldolase, hen egg albumin, and ribonuclease A were plotted against their known Stokes radii (82.55, 46.15, 30.5, and 16.4 Å, respectively) to generate a calibration curve (R 2 ϭ 0.98) from which the Stokes radius of Ndc80 was determined. For glycerol velocity gradients, samples were loaded directly onto 12-ml 5-40% glycerol gradients prepared by layering eight 1.5-ml aliquots of gradient buffer (50 mM Tris-HCl, pH 7.6, 150 mM NaCl, 1 mM dithiothreitol, 1 mM EDTA, and 10 mM phenylmethylsulfonyl fluoride) containing a decreasing glycerol concentration. Centrifugation was protracted for 48 h at 40,000 rpm on a Beckman SW41Ti swinging bucket rotor at 4°C. The gradient was fractionated in 300-l fractions, the content of which was visualized by SDS-PAGE after precipitation with trichloroacetic acid. Chymotrypsinogen A (25-kDa monomer, 2.58 S), bovine serum albumin (60-kDa monomer, 4.22 S), aldolase (158-kDa tetramer, 7.4 S), and catalase (240-kDa tetramer, 11.3 S) were also analyzed and their elution plotted against the known Svedberg coefficient. The resulting calibration curve (R 2 ϭ 0.97) was used to determine the sedimentation coefficient (s) of the Ndc80 complex. The molecular weight was calculated from the Stokes radius (a) in Ångstroms and from s according to the equation molecular weight ϭ ␣as (36), where ␣ ϭ (6 0 N)/(1 Ϫ ), N is Avogadro's number (6.02 ϫ 10 23 ), 0 is the viscosity of medium (g/(cm⅐s)), is the density of the medium (g/ml), and is the partial specific volume of the analyzed particle (ml/g). Because 0 and values change according to the buffer composition and depends on the amino acidic composition, the ␣ value was determined by plotting the molecular weights of standard proteins against their a ϫ s values. The axial ratio of the prolate ellipsoid of rotation was calculated as described (37) .
GST Pull-down Experiments-GST fusion proteins were expressed and purified as described above. Binding of the GST fusion proteins to their interacting partners fused to a hexahistidine (His 6 ) tag was tested by anti-His tag Western blotting (WB). The reaction mixes were analyzed by SEC as described above. Proteins were labeled with Alexa-488 succimidyl ester reactive dye (Molecular Probes, Inc.) as described (38) .
Cell Culture, Injections, and Microscopy-HeLa cells were maintained in Dulbecco's modified Eagle's medium (Invitrogen) containing 10% fetal bovine serum and antibiotic/antimycotic solution and cultured in a 37°C, 5% CO 2 incubator. The culture of PtK1 cells and microinjection techniques were described previously (39) . For microinjection experiments, cells were grown on acid-washed coverslips in 35-mm Petri dishes. Cells were microinjected with ϳ1-5% cell volume of Alexa-labeled Spc24-Spc25 protein complex (at 86 M needle concentration) or Alexa-labeled Hec1 complex (at 26 M needle concentration) and then placed in Leibovitz's dye-free L-15 medium, pH 7.2 (Sigma), supplemented with 7 mM Hepes, 10% fetal bovine serum, an antibiotic/antimycotic solution, 4.5 g/liter glucose, and 0.45 units/ml Oxyrase (Oxyrase Inc., Mansfield, OH). HeLa cells injected with the Alexa-Spc24-Spc25 complex or the Alexa-Ndc80 complex were fixed with 4% paraformaldehyde and subsequently permeabilized with 1% Triton X-100. Alexa-Spc24 -25-injected cells were incubated overnight at 4°C with Hec1 primary antibodies (Abcam, Cambridge, UK) at a dilution of 1:750; Alexa-Ndc80-injected cells were incubated with CREST serum (Antibodies Inc., Davis, CA) at a dilution of 1:2000. The secondary antibodies used were rhodamine Red-X anti-mouse for Alexa-Spc24-Spc25 injected cells and rhodamine Red-X anti-human for Ndc80 complex-injected cells. Images were obtained using a Nikon 100ϫ, 1.4 numerical aperture planapochromat oil immersion lens on a spinning disc confocal fluorescence microscope. For live cell imaging, cells on coverslips mounted into Rose chambers were imaged as described above.
Scanning Force Microscopy-For imaging, 20 l of a diluted Ndc80 complex reconstituted as described above was deposited on freshly cleaved mica. After ϳ30 s the mica was washed with water (glassdistilled; Sigma) and exposed to a stream of filtered air. Images were obtained on a NanoScope IV (Digital Instruments; Santa Barbara, CA) operating in tapping mode in air with a type E scanner. Silicon nanotips were from Digital Instruments (Nanoprobes).
RESULTS
Domain Structure of the Human Ndc80
Complex-To investigate the interactions connecting the four subunits of human Ndc80 we used a bacterial co-expression strategy. Dicistronic vectors were designed to express the first recombinant cistron as a C-terminal fusion to a His 6 tag or to GST. The second cistron was expressed as an untagged protein or as a His 6 tag fusion (when the first cistron was fused to GST). In co-expression experiments with the full-length proteins we determined that Nuf2-Hec1 and Spc24-Spc25 form two stable subcomplexes (see below). We exploited this observation to map the dimerization domains within each subcomplex by creating constructs expected to coincide with the predicted globular and coiled coil (40) regions of Nuf2, Hec1, Spc24, and Spc25 shown in Fig. 1A .
In a first set of experiments we tested the ability of His-Hec1-(1-445) to bind different regions of Nuf2 fused to GST. HisHec1-(1-445) was co-expressed with GST, GST-Nuf2-(1-385), or GST-hNuf2-(386 -464). Bacterial lysates were incubated with GSH-Sepharose, and any His-tagged Hec1 fusion protein bound to Nuf2 was detected by WB with an anti-His-tagged antibody. His-Hec1-(1-445) bound tightly to GST-Nuf2-(1-385) (Fig. 1B, lane 6 ) and not to GST or GST-hNuf2-(386 -464) (lanes 3 and 9). This result identifies an interaction between the N-terminal regions of Nuf2 and Hec1.
Next, we co-expressed His-Hec1-(446 -642) with GST, GSTNuf2-(1-385), or GST-hNuf2-(386 -464). Interestingly, we found a tight interaction between His-Hec1-(446 -642) and GST-hNuf2-(386 -464) (lane 9), whereas no binding was observed to GST or GST-Nuf2-(1-385) (lanes 3 and 6) . This experiment also indicated that GST-Nuf2-(1-385) undergoes severe proteolytic degradation, and that it is stabilized by its interaction with His-Hec1-(1-445) (compare lanes 6 in panels B and C). Finally, we failed to detect binding between the predicted N-terminal globular heads of Nuf2 and Hec1, GST-Nuf2-(1-137) and His-Hec1-(1-230) (not shown). In summary, the entire length of the coiled coils of Hec1 and Nuf2 is engaged in dimerization.
The same approach was applied to Spc24-Spc25. First, we tested the ability of a His-tagged version of the N-terminal region of Spc25 (His-Spc25-(1-144)) to bind GST-tagged versions of the N-or C-terminal regions of Spc24 (GST-Spc24-(1-131) or GST-Spc24- (132-197) ). His-Spc25-(1-144) bound tightly to GST-Spc24-(1-131) (Fig. 1D, lane 6) . His-Spc25-(1-144) also bound reproducibly to GST-Spc24-(132-197) (Fig. 1D,  lane 9 ), but this may be an artifact caused by the instability of GST-Spc24-(132-197), which undergoes severe proteolytic deg- -(145-224) ) against GST-Spc24-(1-131) and GST-Spc24-(132-197). His-Spc25-(145-224) bound weakly to GST-Spc24-(132-197) (Fig. 1E, lane 9) . As explained above, this might also be an artifact caused by the instability of GST-Spc24-(132-197). However, at least a fraction of GSTSpc24-(132-197) was protected from degradation upon co-expression with His-Spc25-(145-224), suggesting that the latter stabilizes Spc24-(132-197) presumably because it binds to it. No binding was observed between His-Spc25-(145-224) and GST-Spc24-(1-131). As for Nuf2 and Hec1, the binding studies with Spc24 and Spc25 suggest that the interaction between these proteins involves coiled coil domains organized in a colinear and parallel arrangement (see "Discussion").
Domains Required for Tetramerization of the Ndc80 Complex-Next, we sought to identify the domains in the Spc24-Spc25 and Nuf2-Hec1 subcomplexes responsible for tetramerization of the Ndc80 complex. We tested to determine if Nuf2-(1-385)⅐Hec1-(1-445) and Nuf2-(386 -464)⅐Hec1-(446 -642), stable dimeric partners of Nuf2-Hec1 (Fig. 1) , bound full-length Spc24-Spc25 or Spc24-(70 -197)⅐Spc25-(57-224), a stable dimeric fragment of Spc24-Spc25 identified by limited proteolysis (data not shown). All dimeric constructs were generated by co-expression in E. coli and purified on GSH-Sepharose beads. After release from the GST moiety by protease cleavage, the samples were analyzed by SEC on a Superdex 200 column as shown in Fig. 2, A-D To identify the domains linking Hec1-Nuf2 to Spc24 -25, we mixed roughly stoichiometric amounts of each purified dimer for 2 h at 4°C. SEC analysis of the resulting products revealed that Nuf2-(1-385)⅐Hec1-(1-445) was unable to bind full-length Spc24-Spc25 or Spc24-(70 -197)⅐Spc25-(57-224). In both cases, the dimeric fragments eluted separately with unaltered elution volumes relative to those of the isolated dimers (Fig. 2, E and F) . On the other hand, Nuf2-(386 -464)⅐Hec1-(446 -642) bound fulllength Alexa-Spc24-Spc25. The four proteins eluted together in a single peak, the elution volume of which was significantly smaller relative to that of the individual dimeric constituents, indicative of a larger Stokes radius (Fig. 2G) . Using a similar analysis, we found that Nuf2-(386 -464)⅐Hec1-(446 -642) was unable to form a tetramer when mixed with the Spc24-(70 -197)⅐Spc25-(57-224) subcomplex, indicating that the N-terminal regions of Spc24 and Spc25 missing from this construct are necessary for the tetramerization of the Ndc80 complex (Fig. 2H) . Thus, our studies identify the dimeric fragment containing the C-terminal segments of Nuf2-Hec1 as being sufficient to mediate the formation of a tetramer with Spc24-Spc25, whose N-terminal regions are necessary for binding.
Reconstitution of the Ndc80 Complex-The dicistronic configurations Hec1-Nuf2 and Spc24-Spc25, described above, were used successfully to express soluble full-length subcomplexes of Ndc80 tagged with GST or a His tag (Fig. 3, A and B ; Spc25 and Spc24 appear to co-migrate in this gel, and the same happens for Hec1 and GST-Nuf2). Co-expression generated soluble complexes that could be purified using affinity chromatography and SEC. With no other combination of subunits we obtained stable subcomplexes that rescue the insolubility of the individual subunits (data not shown), confirming that Nuf2-Hec1 and Spc24-Spc25 represent physically well defined subcomplexes.
To reconstitute the quaternary Ndc80 complex, we typically expressed GST-Spc24-Spc25 and GST-Nuf2-Hec1 separately and purified them by affinity chromatography on GSH-Sepharose beads. While still bound onto the beads, the Spc24-Spc25 was removed from the GST moiety by proteolytic cleavage and subsequently incubated with limiting amounts of GST-Nuf2-Hec1 immobilized on beads. After removing the excess Spc24-Spc25, the resulting GST-Nuf2-Hec1-Spc24-Spc25 complex was released from beads by proteolysis, concentrated by ultrafiltration, and analyzed by SEC on a Superose 6 PC 3.2/30 column (Fig. 3C) . The SEC elution profile revealed a single prominent peak with an elution volume corresponding to an apparent molecular mass of ϳ700 -800 kDa. SDS-PAGE analysis revealed that the peak contained all four subunits of the Ndc80 complex in a pure form and in apparently stoichiometric proportions (Fig. 3C) .
We wished to know if the Stokes radius of the endogenous human Ndc80 complex was comparable with that of the recom- (Fig. 3D) . The elution profile of endogenous Hec1, which we assume to be part of a larger complex with Nuf2, Spc24, and Spc25, was essentially identical to that of the recombinant Ndc80 complex (shown in Fig. 3C ), suggesting that the recombinant and endogenous Ndc80 complexes have similar Stokes radii.
Hydrodynamic Characterization of the Ndc80 Complex-Because the predicted molecular mass of the Ndc80 complex is 176 kDa (assuming a 1:1:1:1 stoichiometry), its elution volume suggested the possibility that the complex forms higher oligomers. However, because all four subunits of Ndc80 are probably elongated because of a high content of coiled coil structure, the Stokes radius of the complex (and therefore its elution volume) may deviate significantly from that expected for a globular protein of equivalent molecular mass.
The Stokes radius of recombinant Ndc80 was derived from a calibration curve of SEC elution volume and determined to be ϳ90 Å (see "Materials and Methods"). This result is very similar to the 87-Å value proposed for the endogenous Ndc80 complex in budding yeast (10) . Next, we determined the sedimentation behavior of the Ndc80 complex using glycerol density gradients (5-40%). This experiment returned a sedimentation coefficient of ϳ4.8 S (Fig. 3E ). With these values we used the Siegel and Monty equation (36) to calculate the molecular mass of the recombinant Ndc80 complex and obtained a value of 177 kDa, in excellent agreement with the predicted molecular mass of ϳ176 kDa. Thus, the combination of SEC and sedimentation in glycerol gradients allowed us to conclude that the recombinant Ndc80 complex is a stoichiometric 1:1:1:1 complex with a molecular mass of 177 kDa. To confirm that the endogenous Ndc80 complex sediments similarly to the recombinant one, we subjected cell lysates from cycling HeLa cells to sedimentation in glycerol density gradients and analyzed the resulting fractions by WB with an anti-Hec1 antibody. As shown in Fig. 3F , the sedimentation properties of endogenous Ndc80 were indistinguishable from those of the recombinant complex, indicating that the recombinant complex is a faithful copy of the endogenous Ndc80 complex. Overall, these studies show that the human Ndc80 complex is very elongated. The hydrodynamic parameters of the recombinant and endogenous human Ndc80 complexes indicate that this type of complex can be modeled as a prolate ellipsoid of revolution with the axial ratio a/b ϭ 21 (Fig. 3G) . Similar values have been recently reported for the endogenous Ndc80 complexes of S. cerevisiae and Xenopus laevis (10, 24) .
The Recombinant Ndc80 Complex Localizes to Kinetochores-We tried to corroborate the idea that the recombinant complex represents a good model for the endogenous complex, asking if it was capable of reaching the mitotic kinetochore when injected in PtK1 or HeLa cells. Toward this end, we covalently labeled the Spc24-Spc25 subcomplex with Alexa Fluor 488. Alexa-Spc24-Spc25 was used either directly for injection or to reconstitute a fluorescent version of the entire Ndc80 complex. For this experiment the fluorescently labeled Spc24-Spc25 subcomplex was mixed with solid phase bound GST-Nuf2-Hec1, and the resulting complex was further purified as described above for the unlabeled complex.
Prophase PtK1 or mitotic HeLa cells were microinjected with 1-5% cell volume of the Alexa-labeled Spc24-Spc25 complex (needle concentration of 86 M) or Alexa-labeled Hec1 complex (needle concentration of 26 M) and analyzed by live cell fluorescence microscopy (Fig. 4) . Imaging was started ϳ15 min post-injection. Of nine prophase PtK1 cells injected with AlexaSpc24-Spc25, nine showed strong kinetochore localization (Fig.  4A) . Similarly, we injected 16 mitotic HeLa cells with AlexaSpc24-Spc25, and all 16 showed strong kinetochore localization (Fig. 4C) . We also injected three prophase PtK1 and 11 HeLa mitotic cells with the Alexa-Ndc80 complex, and all cells showed strong kinetochore localization (Fig. 4, B and D) . Injected HeLa cells completed mitosis normally, indicating that the injected complexes do not interfere with normal kinetochore function (not shown).
Organization of the Ndc80 Complex as Imaged by Scanning Force Microscopy-We obtained images of individual recombinant Ndc80 complexes using scanning force microscopy (SFM). SFM revealed an elongated structure with an overall length of 40 -45 nm (Fig. 5A) . Two globular regions are located at each end of a central shaft. With the preliminary word of caution that dimensions are rather distorted in SFM images and only allow relative rather than absolute size assessments, the height of the larger blob is ϳ9 -10 nm, and that of the central shaft and the opposite end is 3-4-nm-high. Based on the fact that the predicted globular regions of Hec1-Nuf2 are significantly larger than those of Spc24-Spc25 (Fig. 1) , we suspect that the larger blob corresponds to the globular regions at the N termini of the Hec1-Nuf2 subcomplex. The smaller globular region at the opposite end of the shaft appears to be split into two distinct blobs of density. If our assignment of domains is correct, this observation predicts that the C-terminal globular domains of Spc24-Spc24 are separated, an unexpected finding based on our binding studies in Fig. 1 that will require further future investigations.
DISCUSSION
Our results have interesting implications for understanding the overall organization of the Ndc80 complex. At the resolution of our analysis, the dimerization interfaces we identified coincide with the coiled coil regions of Nuf2 and Hec1. The colinearity of the interaction suggests that the intermolecular coiled coil of Hec1 and Nuf2 is parallel. This organization explains why Hec1 and Nuf2 are mutually dependent on their stability (see, for instance, Refs. 28 and 33). Spc24 and Spc25, on the other hand, are predicted to contain relatively short N-terminal coiled coils and small C-terminal globular domains, and also in this case we observed colinearity of the heterodimerization interface. The colinearity of the Hec1-Nuf2 and Spc24-Spc25 subcomplexes is consistent with the observed Stokes radii for different segments of the complex, which increase with an imperfect but consistent additive rule with increasing protein size. For instance, Spc24-(70 -197)⅐Spc25-(57-224) and full-length Spc24-Spc25 have Stokes radii of 28 and 37 Å, respectively, whereas Nuf2-(386 -464)⅐Hec1-(446 -642) and Nuf2-(1-385)⅐Hec1-(1-445) have Stokes radii of 42 and 65 Å, respectively (data not shown). The full-length quaternary complex has a Stokes radius of 90 Å. This suggests that the different sub-domains of the Ndc80 complex extend linearly to build a progressively more elongated shape. The tetramerization of the Nuf2-Hec1 and Spc24-Spc25 subcomplexes is mediated by the encounter of the C-terminal regions of Nuf2-Hec1 and the N-terminal regions of Spc24-Spc25. We failed to observe interactions between other portions of these subcomplexes, suggesting that the tetramerization domain involves a relatively small portion of the Ndc80 complex.
This information can be nicely fitted into the shape of the Ndc80 complex imaged by SFM. We predict that the parallel coiled coil of Hec1-Nuf2 contributes the most prominent fraction of the central shaft. It also accommodates the tetramerization domain and the N-terminal coiled coil of Spc24-Spc25. In the absence of high resolution structural information, it is difficult to say whether the coiled coil regions of Hec1-Nuf2 and Spc24-Spc25 extend in a single direction or whether they invert their direction, creating a more complex pattern. The paired coiled coil segment of the Hec1-Nuf2 subcomplex may extend for 250 -300 residues, allowing for 75-85 helical turns and a predicted length of 40 -45 nm, similar to the length of the complex imaged by SFM. Assuming that the pairing of the Nuf2 and Hec1 coiled coils starts at their N-terminal ends, an overhang containing the C terminus of Hec1 is expected (Fig.  5B) . We postulate that this overhang might mediate the interaction with the N-terminal regions of Spc24-Spc25. By limited proteolysis, we found that the N-terminal regions of the Spc24-Spc25 subcomplex are unstable in the absence of Hec1-Nuf2 (data not shown). In these experiments, longer N-terminal segments of Spc24 are removed relative to Spc25, suggesting that the N-terminal region of Spc24 has unpaired regions that might mediate pairing of Spc24-Spc25 with Nuf2-Hec1. We also expect that the opposing globular regions flanking the central shaft contain the N termini of the Hec1-Nuf2 subcomplex and the C termini of Spc24-Spc25, respectively (Fig. 5B) . This organization is similar to that very recently proposed for the Ndc80 complex of S. cerevisiae (41) .
The length of the Ndc80 complex is very close to the 40-nm thickness attributed to the kinetochore outer plate (13) (14) (15) (16) (17) (18) . The model is compatible with (but does not imply) the possibility that the Ndc80 complex orients perpendicularly to the kinetochore outer surface, accounting for the whole thickness of the outer plate (Fig. 5C ). Of note, other evolutionarily conserved kinetochore complexes interacting with the Ndc80 complex, such as the Mtw1-Mis12 complex, have been proposed to be elongated and might adopt a similar orientation in the kinetochore outer plate (10) . Important questions raised by this model regard the positioning of the opposing globular ends and the identity of their binding partners. Our injection studies with fluorescent constructs show that Spc24-Spc25 reaches its normal kinetochore localization in the absence of Hec1-Nuf2 (Fig. 4) . The injected cells completed mitosis normally, suggesting the possibility that the injected Spc24-Spc25 subcomplex is normally incorporated in the larger Ndc80 assembly or that it does not interfere with kinetochore function if recruited to kinetochores independently of Hec1-Nuf2. We asked if Hec1-Nuf2 was required for kinetochore recruitment of Spc24-Spc25 by injecting HeLa cells with AlexaSpc24-(70 -197)⅐Spc25-(57-224), which is unable to bind Hec1-Nuf2. Kinetochore localization of Spc24-(70 -197)⅐Spc25-(57-224) was dramatically reduced relative to that of the full-length Spc24-Spc25 subcomplex shown in Fig. 4 (not shown). The experiment, however, was not conclusive, because some faint but recognizable kinetochore decoration was still visible in a subset of injected cells.
The recombinant Ndc80 complex is endowed with all known properties of the endogenous Ndc80 complex. Our results underscore the relevance of biochemical reconstitution strategies to combine the study of complex protein behavior in vitro and in living cells. We tested the ability of recombinant Ndc80 to bind recombinant segments of Mad1, a spindle checkpoint component indicated as a possible binding partner of the Hec1 and Spc25 subunits (31, 42) . To date, however, we have failed to detect a direct interaction between Mad1 and the Ndc80 complex (not shown). In the future, we plan to test the interaction of the Ndc80 complex with its partners at the kinetochore, dissect the requirements for its recruitment to kinetochores, and understand its contributions to microtubule binding.
